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Measuring Higgs CP and couplings with hadronic event shapes 
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Experimental falsification or validation of the Standard Model of Particle Physics involves the 
measurement of the CV quantum number and couplings of the Higgs boson. Both Atlas and Cms 
have reported an SM Higgs-like excess around rnu — 125 GeV. In this mass range the CV properties 
of the Higgs boson can be extracted from an analysis of the azimuthal angle distribution of the two 
jets in pp — > Hjj events. This channel is also important to measure the couplings of the Higgs 
boson to electroweak gauge bosons and fermions, hereby establishing the exceptional role of the 
Higgs boson in the Standard Model. Instead of exploiting the jet angular correlation, we show 
that hadronic event shapes exhibit substantial discriminative power to separate a CV even from a 
CV odd Higgs. Some event shapes even show an increased sensitivity to the Higgs CV compared to 
the azimuthal angle correlation. Constraining the Higgs couplings via a separation of the weak boson 
fusion and the gluon fusion Higgs production modes can be achieved applying similar strategies. 



I. INTRODUCTION 

Experimental searches for the Standard Model (SM) 
Higgs boson [1] performed by Atlas and Cms [2, 3], 
based on a combination of luminosities of up to about 
2.3 fb _1 per experiment [4], exclude a SM-like Higgs bo- 
son between 141 GeV and 476 GeV at 95% confidence 
level (CL). By the end of December 2011 both Atlas 
and Cms updated the Higgs search using the entirely 
available data set, refining the analyses with integrated 
luminosities of up to 5 fb _1 [5-7], depending on the chan- 
nel. This allowed to raise the lower Higgs mass bound 
from LEP2 of 114.4 GeV [8] to 117.5 by Atlas. By now 
the Higgs is excluded at 95% CL from 129 (127.5) GeV 
to 539 (600) GeV by Atlas (Cms). Strong bounds as 
low as fractions <t/<t sm < 0.3 for some Higgs mass ranges 
have been established. However, both Atlas and Cms 
have also presented tantalizing hints of a m# ~ 125 GeV 
Higgs boson, with local significances of 2.5er and 2.8a 
respectively. Together with the recently reported 2.2cr 
excess from updated searches by the Tevatron experi- 
ment [9] , the hints for a light Higgs around this particular 
mass seem to consolidate and various new physics inter- 
pretations of the excess have already been considered in 
Refs. [10-13]. While a 5cr discovery could be achieved in 
the near future, all properties of this newly discovered 
state other than its mass are going to be rather vaguely 
known due to limited statistics (see e.g. Ref. [14]). The 
question of wether we indeed observe the SM Higgs can 
only be addressed with higher luminosity and larger cen- 
ter of mass energy. 

A crucial step towards a further validation of the SM 
Higgs sector after the discovery of the resonance is the 
determination of its spin, its CV quantum number and its 



couplings to fermions and gauge bosons. In fact, because 
the observed resonance seems to decay into photons, the 
Landau- Yang theorem [15, 16] excludes the resonance to 
be a spin-1 particle*. This leaves the measurement of 
the resonance's couplings and CV the theoretically most 
interesting ones. 

In the SM, the Higgs boson is the (indispensable) 
remnant of the SU (2) -doublet Higgs field after sponta- 
neous symmetry breaking. To establish that a single 
Higgs field is responsible for the generation of fcrmion 
and clcctrowcak-gaugc-boson masses, eventually, the cou- 
plings of the Higgs boson to all SM particles have to be 
measured accurately. The major production processes of 
a light Higgs boson at the LHC are the gluon fusion (GF) 
[17] and the weak boson fusion (WBF) [18, 19] chan- 
nels. The GF channel is induced by heavy fermion loops 
connecting the initial state gluons with the Higgs boson, 
while the WBF channel relies on the large Higgs cou- 
pling to electroweak gauge bosons to produce the Higgs 
in association with two tagging jets. When extracting its 
couplings from data, the production of the Higgs boson 
and its decay cannot be treated independently [20] : The 
observed number of Higgs bosons depends on the cou- 
pling responsible for Higgs boson production g p and the 
size of the coupling which dials the Higgs decay into a 
specific final state ga, so schematically we observe 



o~v ■ BR, 



9p r H 



(i) 



Note that even if g p = g^ the total width of the Higgs 
boson Th is sensitive to all Higgs couplings, but a direct 
measurement of Th is not possible at hadron colliders 
due to systcmatics. 

A channel, which is phcnomenologically well-suited 
to study longitudinal gauge boson scattering [21] and 
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'However, spin-0 or higher spin states are not excluded and an ex- 
perimental validation is desirable. 



Higgs couplings to elcctrowcak gauge bosons is pp —> 
Higgs+2 jets (with subsequent Higgs decay). In this 
channel, it is particularly difficult to separate gluon fu- 
sion from the weak boson fusion contribution since both 
production modes exhibit similar cross sections for typ- 
ical event selection cuts [22, 23]. Because g p ~ 3 p ,gf + 
<7p,WBF in Eq. (1), the uncertainties of different Higgs 
couplings obtained from experimental analyses in this 
channel are correlated and the extraction of the individ- 
ual couplings becomes challenging [20]. 

For a 125 GeV SM Higgs-like resonance, we have to 
face the phcnomcnological impediment that standard 
CV analyses [24] of the so-called gold-plated final state 
H — > ZZ — ► 4£ [25], which employ strategies closely re- 
lated to the one proposed by Cabibbo and Maksymowicz 
in the context of kaon physics [26-28] are statistically 
limited even at y/s = 14 TeV. Instead, the jet-azimuthal 
angle correlation in Higgs+2 jets events with H — > t + t~ 
has been put forward as an excellent probe of the CV 
nature of the Higgs boson in series of seminal papers 
[19, 29, 30]. Since then a lot of effort has been devoted to 
theoretical and phcnomcnological refinements of this im- 
portant channel. These range from precise (fixed higher 
order QCD) predictions of the contributing signal and 
background processes [23, 31-33, 35] over resummation 
[36, 37] to the generalization to the other important fi- 
nal state for a light Higgs, H -> WW [38, 39]. Only 
recently, the pp — ¥ Hjj — > r + r~jj channel was stud- 
ied for the first time at the LHC to derive bounds on 
the SM Higgs boson production cross section [40]. This 
impressively demonstrates that experimental systematics 
in this important channel are well under control, already 
now with early data. 

The azimuthal angle correlation of the tagging jets as 
a CP-discriminative observable can be rephrased in the 
following way: Once the Higgs is identified, the hadronic 
energy flow of the event depends on the CV quantum 
number of the produced Higgs. The correlation of in 
the azimuthal angle should also be reflected in the global 
structure of softer tracks, which do not give rise to re- 
solved jets. It is precisely the hadronic energy flow which 
is captured by event shape observables in theoretically fa- 
vorable way [41], turning them into natural candidates to 
be considered among the CP-discriminative observables 
in the context oiCV analyses. From a perturbative QCD 
point of view, the phenomenology of event shapes [41] 
possesses a number of advantages over "traditional" jet- 
based observables. In particular, provided that the ob- 
servables are "continuously global" [42, 43], they can be 
resummed to NLL beyond the leading color approxima- 
tion. Therefore, event shapes offer a good theoretical 
handle to potentially reduce perturbative uncertainties. 

We organize this work in the following way: Sec. II 
briefly reviews the hadronic event shape and the A$jj 
observables, which we consider in the course of this paper. 
We outline the details of our analysis in Sec. III. We 
discuss the sensitivity of event shapes in CV analyses of 
Higgs+2 jets events in Sec. IV, where we also investigate 



the possibility to distinguish WBF from GF invoking the 
same observables. Before we give our conclusions and an 
outlook in Sec. V, we briefly comment on pile-up issues 
that can arise in the suggested analysis in Sec. IV D. 



II. EVENT SHAPE OBSERVABLES AND A*^ 

Event shapes quantify geometrical properties of the fi- 
nal state's energy flowL An event shape, which is well- 
known from QCD measurements performed during the 
LEP era [44, 45] is thrust T [46]. In its formulation in 
the beam-transverse plane this observable is also mean- 
ingful at hadron colliders, 



rr J2i |P-L,i 

Tl.,, = max — =— — 

E t P-L 



n T 



(2) 



The subscript g indicates that this is a continuously 
global observable [43]. The three vectors pj_ ^ are the 
beam-transverse momentum components of the particle i 
(i.e. a Atlas topoclustcr or a Cms particle flow object), 
while the sum runs over all detected particles (typically in 
\Vi\ < 4.5). In a nutshell, T± >g measures how circularly 
symmetric (T± >g — > 2/tt) or how pencil-like (2j_, s — > 1) 
an event appears to be in the transverse plane. The vec- 
tor xit in the transverse plane that maximizes Eq. (2) is 
called the transverse thrust axis. 

Another event shape, familiar from e + e~ physics, 
which can be straightforwardly adapted to hadron col- 
lider physics analogous to Eq. (2) is thrust minor 



T 



SilP-M x n T | 



(3) 



T m ,g provides a measure of the energy flow in the trans- 
verse plane perpendicular to ny. Both transverse thrust 
and thrust minor have already been studied with early 
LHC data [47]. 

As already mentioned, the tagging jet azimuthal angle 
correlation is a CP-discriminative observable in Higgs+2 
jets production. A$ J: , can be defined as the angle be- 
tween all jets j with rapidity smaller and all jets with 
rapidity larger than the reconstructed Higgs [23, 36] 



a 

P< 



zZ Pj> p> = 



j'efjets: vj<vh} 
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The special role played by the tagging jets in A$ .,-,,■ is best 
reflected in the cone thrust minor event shape. Its 
definition is similar to Eq. (3), but only particles which 



'The phenomenology and resummation of a large class of event 
shape observables at hadron colliders has recently been discussed 
inRefs. [41, 43]. 



fall into the vicinity of two reconstructed kT jets [48] 
with some resolution D (we will assume D = 0.4 in the 
following) are considered in the sum. 

Typical selection cuts which are used to suppress 
the contributing backgrounds often involve the require- 
ment that the tagging jets fall into opposite hemispheres 
Vh ' Vh < while the Higgs is produced in the central 
part of the detector. Observing CP sensitivity in the 
A<frjj distribution suggests that broadening observables 
[49] also carry information about the Higgs CP. We di- 
vide the event up according to the transverse thrust axis 



region D: p_i_,i • ny > 
region U: p±s ■ n^ < 



(5a) 



and compute the weighted pscudorapidity and azimuthal 

angle 



Vx 



Eiloi.tl 



>x = 



Ei |q±,- 



EJqj 



X = U,D. (5b) 



rji and fa are the pscudorapidity and azimuthal angle of 
the vector i respectively. From these we can compute the 
broadenings of the U and D regions 



where G a ,G a arc the gluon field strength and the 
dual field strength tensor, respectively, and v denotes 
the Higgs vacuum expectation value. We subsequently 
shower the events with Pythia [53]. We normalize the 
event samples to the NLO QCD cross section, which we 
obtain by running Mcfm [54] for the gluon fusion contri- 
butions, and Vbfnlo [55] for the weak boson fusion con- 
tributions. The interference effects are known to be neg- 
ligible for weak boson fusion cuts [56] . Note that there is 
no WBF contribution for the CP odd scalar A. Nonethe- 
less it is customary to analyze Ajj and Hjj samples for 
identically chosen normalizations to study the prospects 
of discriminating "Higgs-lookalike" scenarios [57, 58]. 

We find a total Higgs-inclusive normalization (consid- 
ering Vs = 14 TeV) of a H = 3.2 pb. For the CP odd 
scalar we use a a = 2.1 pb which adopts the NLO QCD 
gluon fusion K factor of CP even Higgs production. In 
Sec. IV B we also discuss our results for identical nor- 
malizations, which focuses on the discriminating power 
of different shapes instead of a combination of shapes and 
different total cross sections. The ditau branching ratio 
to light opposite lepton flavors is approximately 6.2%. 



Backgrounds 
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where 



Qt = Y, l<u 



X = U,D (5c) 



(5d) 



The central total broadening and wide broadening 

are defined as [41, 44] 



central total broadening: Bt = Bjj + Bu , 

wide broadening: Byy = max {Bjj, Br)} 



(5e) 



The observables Eqs. (2), (3), and (5) do not exhaust 
the list of existing event shapes by far but they are suf- 
ficient for the purpose of this work. 



III. ELEMENTS OF THE ANALYSIS 



A. Event generation 



Signal 



Event shapes are known to be well-reproduced by 
matched shower Monte Carlo programs [41]. Therefore, 
we generate MLM-matched [50] scalar Hjj and pseu- 
doscalar Ajj samples with MadEvent v4 [51] in the 
effective ggH and ggA coupling approximation [52] 
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We focus on the two main backgrounds to our anal- 
ysis [29], i.e. ii+jets and Zjj production, where the 
Z boson decays to taus. We generate our CKKW- 
matched [59] event samples with Sherpa [60]. We 
again obtain NLO QCD normalizations of the Zjj sam- 
ple from a combination of Mcfm and Vbfnlo for the 
QCD and EW production modes, respectively, and find 
a(Z — > t + t~) = 0.23 pb. For the tt sample we extract 
the NNLO-inclusive tt K factor from the cross section 
^nnlo _ g-^g pk p3j j n comparison with the cross sec- 
tion by Sherpa after generator-level cuts a t i = 888.27 fb, 
which already requires the tau leptons to reconstruct 
m H = 125 GcV within 50 GeV. 



B. Selection Cuts and Analysis Strategy 

The purpose of this paper is a comparison of the CP 
and GF/WBF discriminative power of the observables of 
Sec. II. The possibility to perform Higgs searches in this 
channel has already been demonstrated in the literature 
[29, 40] and so we have a situation in mind, when the 
Higgs is well established in this particular channel, i.e. 
has a large enough significance S/yB with reasonable 
signal-to-background ratio S/B. Hence we apply selec- 
tion strategies and efficiencies which closely follow the 
parton-level analysis of Ref. [29] to obtain an estimate 
of S/B, but our selection should be understood as place- 
holder for a dedicated cut setup. The experiments S/B 
will hence be different, yet the impact of S/B on the ob- 
servables of Sec. II is identical and a comparison is still 
meaningful. 





tt+ jets 

<r[fb] 


Z+2 jets 

a[fb] 


H+2 jets 
<r[fb] 


A+2 jets 
cr[fb] 


p T ,j > 40 GeV, \yj\ < 4.5, n 6 > 2 
p T ,r > 20 GeV, |tj t | < 2.5 n T = 2 


2132.46 


8.52 


6.21 


4.12 


mjj > 600 GeV 


145.68 


3.98 


4.12 


1.87 


|m TT - m H | < 20 GeV, |y H | < 2.5 


99.86 


2.29 


3.99 


1.82 


3jo,j6 : Via <Vh < Vj b 


88.33 


1.65 


3.81 


1.59 


6- veto 


5.10 


1.65 


3.81 


1.59 



TABLE I: Cut-flow of the analysis as described in Sec. Iff B. For Z+2 jets, H+2 jets and A+2 jets we normalize to their NLO 
QCD cross section. The ti production cross section we normalize to the NNLO QCD cross section given in [33]. We neglect 
tau reconstruction efficiencies throughout. n T and rij denote the tau and jet multiplicities, respectively. 
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FIG. 1: Normalized distributions of A$,j 
and of the event shape observables of Sec. II. 
The cuts of Sec. IIIB have been applied. 
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FIG. 2: Correlation of the thrust event shape with A$jj angle 
as defined in Eq. (4) in terms of the 2d differential probability 
distribution l/crd 2 o-/(dA<J> jj dT ± , 9 ) 



We reconstruct jets with the anti-kT jet algorithm [61] 
with parameter D = 0.4 as implemented in FastJet 
[62]. We additionally impose typical weak boson fusion 
cuts to suppress the background to a manageable level. 
More specifically, we require at least two jets with 



Pr,j > 40 GcV, and \yj\ < 4.5 , 



(7a) 



and the two hardest ("tagging") jets in the event are 
required to have a large invariant mass 



'jj 



\/(PjA+Pj,2) 2 > 600 GeV . (7b) 



After these cuts the signal is still dominated by the 
tt+jets background. This background, however, can be 
efficiently suppressed with a b veto from the top decay. 

The reconstructed taus need to be hard and central to 
guarantee a good reconstruction efficiency 

Pt.t > 20 GcV, and \y T \ < 2.5 . (8a) 

As already mentioned we limit ourselves to the clean 
purely leptonic ditau final state in this paper. It is how- 
ever worth mentioning, that the tau reconstruction algo- 
rithms show very good reconstruction efficiencies also for 



(scmi)hadronic decays [40, 63, 64], so that there is good 
reason to believe that our results can be significantly im- 
proved in a more realistic analysis. 

The Higgs decay products are required to reconstruct 
the Higgs mass within a 40 GeV window, 

\m TT -m H \ < 20 GeV, (8b) 

and the Higgs has to fall between two reconstructed jets, 



3ja,.?6 : Vj a <Vh< V Jb 



(8c) 



Since we do not consider a full tau reconstruction, the 
region defined by Eq. (8b) without any further selection 
criteria contains all signal events. 

If an event passes the above selection criteria, we iso- 
late the Higgs decay products from the event and feed 
all remaining final state particles with \r)i\ < 4.5 and 
PT,i > 1 GeV into the computation of the event shape 
observables discussed in the previous section. We there- 
fore implicitly assume that the resonance has already 
been established and that the r reconstruction is efficient 
enough to avoid a large pollution from mistags and/or 
fakes. A cut-flow of the analysis steps Eqs. (7)-(8) is 
listed in Tab. I. We also include a rough estimate of the 
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FIG. 3: Correlation of the cone thrust minor event shape with 
A$jj angle as defined in Eq. (4) in terms of the 2d differential 
probability distribution l/a d 2 a/(dA&jj dTc, m ) 
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FIG. 4: Distributions of the event shape observables of Sec. II including the background after the cuts of Sec. IIIB. 



background rejection due to 6-vetos following by apply- 
ing a flat combined b tagging efficiency of 80% [34] . We 
neglect the signal reduction effect by the mis-tag for il- 
lustration purposes since it is not too large, at most a few 
percent [34] . Note that there is good agreement with the 
results of Ref. [29] . Note also that the specific selection 
criteria that are necessary to reduce the backgrounds can 
complicate the resummation of the event shapes. In par- 
ticular the invariant mass cuts introduce additional scales 
to the problem and will have an impact in the reduction 
on the theoretical uncertainties. 

In order to study the sensitivity of these observables 
without introducing a bias, we do not impose a central 
jet veto [19, 29, 65-67]. In Ref. [68] it was shown that 
different cut efficiencies of jet vetos for WBF and GF con- 
tributions can be used to separate WBF from GF. There- 
fore, jet vetos in fact provide an "orthogonal" strategy to 
ours. Given that systematic and theoretical uncertainties 
of both strategies are different, a comparison or a combi- 
nation of both strategies can help to reduce systematics 
in separating GF from WBF. This can eventually lead 
to smaller uncertainties in the extraction of the Higgs 
couplings along the lines of Eq. (1). 



IV. RESULTS 

A. CV even vs. CV odd 

We are now ready to study the sensitivity of the shape 
observables of Sec. II quantitatively. Imposing the se- 
lection cuts of the previous section, we show normalized 
signal distributions in Fig. 1 for the CV even and odd 
Higgs cases. As done in Refs. [36, 38, 69] we consider 
A$ ii e [-7T,7T]. 

Fig. 1 reveals a substantial dependence on the CV 
quantum numbers of the Higgs and the sensitivity in 
the azimuthal angle correlation carries over to the event 
shapes. This is evident when comparing to, e.g., thrust, 
Eq. (2): a CV even H jj event has tagging jets which are 
preferably back-to-back. Given that the tagging jets are 
by construction the leading jets in the event, we observe 
a more pencil-like structure for the thrust observable in 
Hjj than we see in the CV odd Ajj case. In this con- 
text, the thrust- A (F,., correlation is particularly interest- 
ing, Fig. 2. Indeed, thrust and A$ J: , are fairly correlated 
as expected after the above points. This also means that 
it should be possible to carry over theoretical and exper- 
imental improvements of either observable to the other 
one. 

Another way to understand the special relation of 
thrust and A$jj from a different vantage point is by 
investigating the jet emission pattern of Higgs+2 jets 
events. Due to the observed Poisson-like scaling pattern 
in the exclusive number of central non-tagging jets in 
Higgs+2 jets events once the cuts of Sec. IIIB are ap- 
plied [19, 29, 66, 67, 70], the two-jet topology plays a 
special role. The two jets recoiling against the Higgs 
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FIG. 5: A$jj distribution including the background after the 
cuts of Sec. IIIB. 



therefore largely determine the orientation of the thrust 
axis, and, given that both observables are defined in the 
beam-transverse plane, we observe a direct connection of 
thrust with A$jj. This, however, is affected and washed 
out by soft radiation (non-resolved jets) included in the 
first observable. Suppressing the latter by admitting a 
more accentuated role to the two tagging jets, when turn- 
ing to, e.g., cone thrust minor, we see a more direct cor- 
relation with A$jj, Fig. 3. 

Fig. 1 gives, of course, a wrong impression of the even- 
tual discriminative power as the normalization relative to 
the background and the backgrounds' shape are not in- 
cluded. Fig. 4 draws a more realistic picture by compar- 
ing the differential cross sections of the Ajj+background 
and the Hj j+background. In particular, the background 
mimics the A$jj distribution of the CV even Hjj events 
and most of the discriminating power comes from a criti- 
cal S/B. Systematic uncertainties can easily wash out 
the small excess around |A$jj| ~ 2 for Ajj produc- 
tion in comparison to Hjj. A more quantitative state- 
ment, however, requires a dedicated Monte Carlo analy- 
sis taking into account experimental systematics and we 
cannot explore this direction in our analysis in extenso. 



The broadening observablcs, on the other hand, lift the 
A$jj signal-background shape-degeneracy especially in 
the CP-even Higgs case. 

We perform a binned log-likelihood hypothesis test as 
considered in Refs. [57, 71] to provide a statistically well- 
defined estimate of when we will be able to tell apart the 
CP quantum numbers of a 125 GeV SM-like Higgs reso- 
nance. At the same time this provides a statistically well- 
defined picture of which observable is particularly suited 
for this purpose. Shape differences and different normal- 
izations (i.e due to the missing WBF component in Ajj 
production) are incorporated simultaneously in this ap- 
proach. We comment on the discriminative power that 
solely arises from the different shapes later in Sec. IV B. 
In performing the hypothesis test we treat each individ- 
ual bin in Fig. 1 as a counting experiment. Thereby we 
do not include any shape uncertainties, which can be dif- 
ferent for each of the considered observables. 

Hence, some words of caution are in place. On the one 
hand, sensitivity from e.g. soft radiation pattern that 
contributes to the overall sensitivity of the event shape 
observables can be weakened by pile- up (cf. Sec. IV D). 
On the other hand, increasing S/B to enhance sensitiv- 
ity in A$jj heavily relies on jet vetos which can be the- 
oretically challenging. Also, the experimental resolution 
(which should be reflected by the binning in Figs. 4 and 5) 
is currently not known. 

We plot the confidence levels obtained from the hy- 
pothesis test in Fig. 6 as a function of the integrated 
luminosity. When the confidence level (i.e. the proba- 
bility of one hypothesis to fake the other one) is smaller 
than 2.72 • 10 one speaks of a 5c discrimination, implic- 
itly assuming Gaussian-like probability density functions. 
We see from Fig. 6 that event shapes indeed provide a 
well-suited class of CP discriminating observables, super- 
seding A$jj within the limitations of our analysis men- 
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FIG. 6: Sensitivity of a binned log-likelihood shape compar- 
ison of the observables of Figs. 4 and 5. The dotted line 
corresponds to a 5<r (2.72 • 10~ 7 confidence level) discrimina- 
tion. 
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son of the observables of Figs. 4 and 5 and identically chosen 
signal normalizations according to Hjj, Tab. I. The dotted 
fine corresponds to a 5a (2.72- 10 -7 confidence level) discrim- 
ination. 



tioncd above. Fig. 6 strongly suggests that event shape 
observables should be added to the list of CP-sensitive 
observables which need to be studied at the LHC to mea- 
sure the Higgs' CP. 



B. Higgs-lookalike CP odd 



In fact, Fig. 6 being the result of a comparison that 
reflects both different shape and normalization of the 
Ajj and Hjj samples, the sensitivity that arises only 
due to shape differences (cf. Fig. 1) is not obvious. 
Also, from a phenomenological point of view (and this 
was one of our assumptions in Sec. IIIB), the resonance 
will have been discovered before we address its spin and 
CP. Therefore the normalization of the signal will be ex- 
tracted from data, and only the subsequent measurement 
of shapes will be used to extract information on spin and 
CP. Hence, it is reasonable to study the discriminative 
power of the event shapes in comparison to A$jj when 
the overall normalization after cuts of pscudoscalar and 
scalar are identical. This is plotted in Fig. 7. Again we 
see that the event shape observables are good discrimina- 
tors (the comments of the previous section are applicable 
here as well). This also tells us that a significant share 
of the discriminative power found in the previous section 
stems from the distributions' shape. Especially the jet 
broadenings, which exhibit a different background distri- 
bution compared to signal for Hjj as opposed to A<&j,-, 
should therefore be stressed as a discriminative observ- 
able when considering systcmatics. 
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FIG. 8: Normalized distributions of A&jj and of the event shape observables of Sec. II for separate weak boson fusion and 
gluon fusion contributions in case of the CV even SM Higgs. The cuts of Sec. IIIB have been applied. 



Toward discriminating gluon fusion and weak 
boson fusion contributions 



Having established the event shape observables as CV- 
discriminating quantities, we move on and discuss the po- 
tential of these observables to help separating WBF from 
GF, hence contributing to more precise determination of 
the Higgs couplings according to Eq. (1). We show nor- 
malized signal distributions for the individual WBF and 
GF contributions in Fig. 8 and we see a similar behavior 
as encountered in Fig. 1. 

It is known that unless we include a non-renormalizable 
SU(2)l axion-type dimension 5 operator ~ HWW, 
where W is the dual SU(2)l field strength (which also 
arises in the SM at the loop level similar to Eq. (6)), 
the A$jj distribution is almost flat in WBF [30]. While 
such an operator should be constrained experimentally, 
a sizeable CP-violating coupling is not expected from a 
theoretical perspective. Actually, the strategy outlined 
in Sees. IIIB, IV A and IV B does not suffer from draw- 
backs when including explicit CV violation in the gauge 
sector and remains applicable in a straightforward way. 
In fact, the relative contribution of WBF and GF to the 
cross section heavily influences the quantities Eqs. (2)- 
(5), and therefore drives the observed sensitivity in the 
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FIG. 9: Comparison of the wide broadening for the tracks 
which are not part of the tagging jets for WBF and GF. 



context of CV analyses, Fig. 7. 

Keeping that in mind, we can use the correlations 
observed in Fig. 8 to separate GF from WBF. There 
is no meaning in performing a hypothesis test, so we 
limit ourselves to a discussion of the normalized dis- 
tributions in the following. Forming ratios of different 
cut-scenarios in an ABCD-typc approach, e.g. compar- 
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FIG. 10: Event shape observables computed from the jet constituents as outlined in Sec. IV D. 



ing 0.1 < B\y < 0.5 with the complementary region 
in a background-subtracted sample allows to extract the 
WBF and GF contributions (we stress again that interfer- 
ence is negligible for the chosen cuts). An assessment of 
the uncertainty of such an extraction, however, requires 
a realistic simulation, taking into account experimental 
systematics, and is beyond the scope of our work. 



D. Impact of pile- up 

A potential drawback, which has not been discussed 
in depth so far, arises from the unexpectedly high pile- 
up activity reported by both Cms and Atlas for the 
2011 run. Because soft tracks enter the evaluation of 
the event shape observables, which contain information 
about CV or WBF vs. GF, (c/. Fig. 9), we expect pile- 
up to have an impact on the event shape phenomenology. 
Especially in the forward region of the detector pile-up 
subtraction is not available. A way to weaken the phe- 
nomcnological impact of pile-up is to use jet constituents 
as input for the even shape observables. This can dis- 
tort many of the theoretical properties of event shapes 
(in particular resummation becomes more involved due 
to introduction of new scales to the problem). Hence, 
the potential theoretical improvements are bound to the 



experimental capabilities to subtract or reduce pile-up by 
the time the resonance is established. 

To understanding how much our sensitivity decreases 
by using the reconstructed jets' constituents instead of 
all particles, we analyze the event shapes again for a 
modified cut set up. We stick to the selection criteria 
Eqs. (7b)-(8), but modify our jet pre-selection. Again we 
cluster anti-kT jets with D = 0.4 but consider jets 



Pt,j > 40 GeV , if 2.5 < \y 3 \ < 4.5 , and 
Pt,j> 10 GeV, ii\y j \<2.5. 



(6a') 



In the central region \y\ < 2.5 the tracker can be used to 
infer the number of primary vertices of the event and here 
tracking serves as an efficient handle to reduce pile-up. In 
the forward region \y\ > 2.5 pile-up subtraction strategies 
are scarce and we rely exclusively on the hardness of the 
tagging jets to suppress pile-up. 

Thus, we require at least three jets in the event, while 
the hardest two jets still have to obey rrijj > 600 GeV, 
i.e. we try to keep as much soft central sensitivity in the 
first place (c/. Fig. 9). Instead of feeding all particles into 
the computation of the event shapes, we only take the 
constituents of the jets which pass these criteria. Since 
the event shapes are weighted in px we could also use the 
recombincd jet four momenta. We found that this will 
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not affect the sensitivity negatively. This would be the 
method of choice when facing extreme pile-up conditions. 
The signal cross sections due to the modified selection 
criteria decreases to 1.89 (1.35) for Hjj (Ajj) produc- 
tion, yielding S/B ~ 0.27 (0.19). The result is plotted 
in Fig. 10. We see that some discriminative power is 
lost, but the distributions are still sensitive enough to 
guarantee discrimination between CV even and odd (and 
between WBF and GF) at a however larger integrated 
luminosity. 



V. CONCLUSIONS AND OUTLOOK 

Following the discovery of a new resonance at the 
LHC, the determination of its CV quantum numbers 
and its couplings to SM fcrmions and gauge bosons will 
contribute to a more precise understanding of particle 
physics at a new energy frontier. Addressing these ques- 
tions also poses an important test of the validity of the 
Standard Model after the Higgs-like resonance is estab- 
lished. 

In this paper we have analyzed the potential of 
event shape observablcs to discriminate between differ- 
ent CV hypotheses once a resonance is established. While 
more work from both theoretical and experimental sides 
is needed, we find excellent discrimination power for 
Higgs masses in the vicinity of where Atlas and CMS 
have reported an excess. Sensitivity in CV studies is in- 
herited from sensitivity in telling apart weak boson fu- 
sion and gluon fusion contributions, making event shape 
observablcs natural candidates to serve this purpose in 
a realistic experimental analysis. The ability to sepa- 
rate GF and WBF induced Higgs production will allow 
for an improved measurement of the Higgs couplings to 
fermions and electroweak gauge bosons. 

We find the discriminative power of the event shapes 
to be fairly robust when turning to the jet level, and 
we therefore conclude that discriminative power should 
persist even under busy pile-up conditions. The cuts we 
choose in Sec. Ill B to arrive at these results will be sub- 
ject to modifications in the actual experimental analysis 
and only approximate the realistic situation, especially 
when semi-hadronic H — > tt decays will be analyzed 
analogous to Ref. [40]. It is, however, also clear that 



realistic selection criteria will affect the considered ob- 
servables in a similar fashion. The Higgs decay products 
do not explicitly enter our analysis apart from the recon- 
struction. Hence modifications of S/B will shift our find- 
ings of Figs. 6 and 7 to higher absolute luminosities but 
will not change the relative improvement of the observ- 
ables of Sec. II over A$jj (bear in mind our discussion 
of pile-up in Sec. IV D). 

We have limited our analysis to yfs = 14 TeV. Con- 
fronting data with the question for CV with a statistically 
reasonable outcome is driven by shape analyses which 
typically involve O(50 fb~ ). It is therefore unlikely that 
such an analysis will be performed with the 7 TeV or 
8 TeV run unless the resonance is significantly overpro- 
duced relative to the SM expectation. Nonetheless, event 
shape strategies can also be applied for 7 TeV or 8 TeV 
center-of-mass energies. 

We have not exhausted the list of potentially sensitive 
event shape observablcs in our analysis. From a statis- 
tical point of view, the cross sections are large enough 
to eventually allow a two-dimensional analysis of observ- 
ables orthogonal to the event shapes or a combination 
with other observablcs in a neural-net-based analysis. 
This should eventually allow to establish the CV of a 
125 GeV resonance shortly after its discovery. 
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